In this paper, the adverse effects of sea water environment on the fatigue life of woven carbon fiber/vinyl ester composites are established at room temperature. The fatigue life, defined as number of cycles to failure is determined for dry and sea water saturated composites. It is observed that the presence of sea water decreases the fatigue life of woven carbon fiber/vinyl ester composites, i.e., sea water saturation reduces the numbers of cycles to failure. The cycles to failure are comparable between dry and sea water saturated samples at lower strain ranges, but are drastically different at higher strain ranges. That is, the average measured reduction is between 37% at 0.46% strain range to 90% at 0.62% strain range. This implies that the influence of sea water saturation on the fatigue life is more pronounced when the maximum cyclic displacement approaches maximum quasi-static deflection. In addition, microstructural damage modes are identified at different stages of fatigue loading, where both dry and sea water saturated composites manifest similar damage modes that include, matrix cracking initiated near the top surface of the composites, progressive crack growth manifested as intralaminar matrix cracking, and specimen failure via fiber breakage. Due to the aforementioned reduction in flexural fatigue responses and damage mechanisms observed in woven carbon/vinyl ester composites exposed to sea water environment, special consideration is required while designing critical load bearing components in offshore marine applications for long-term survivability of structures. evaluation [4, 5, 6] . Often many structures are subjected to fluctuating and vibrating loads, typically categorized as fatigue loading, which are known to cause premature structural failure. This paper studies the influence of one particular load case, flexural cyclic loading (flexural fatigue), on woven carbon/vinyl ester composites under two different environmental conditions of dry and sea water saturation at room temperature.
I. Introduction
Applications of fiber reinforced polymer composites (FRPCs) in various structural applications are rapidly increasing due to the sustained industrial demand for stronger and lighter components. FRPCs exhibit exceptional advantages over conventional materials such as high mechanical and thermal properties, temperature resistance, flexibility, and remarkable chemical and environmental resistance, in addition to high strength-to-weight ratio [1, 2, 3] . Structural designs which incorporate FRPCs for enhancing their mechanical load carrying capacity are subjected to a variety of loads, many of which are complex in nature and affect the mechanical properties of the material. This can lead to damage accumulation that may cause catastrophic failure of the structure. It is imperative for these load scenarios to be investigated thoroughly in order to understand their impact on composite structures, which may provide meaningful and useful data regarding the life-span of a structural component and enable the prediction of structural failure of a certain part or product. Environmental conditions play a critical role in determining the life-span and failure modes of a structure, and their influence on the load carrying capacity requires in-depth in the current study due to their superior UV resistance and lower water absorption as compared to polyester resins [35, 36] , which makes it attractive for offshore marine applications.
II. Materials and Methods

i. Manufacturing
Carbon fiber laminates were fabricated using vacuum assisted resin transfer molding (VARTM) process. Material system, fabrication process and sample dimensions used in this study are discussed next.
i.1 Material System
3K tow (i.e. 3000 filaments per tow) plain weave carbon fiber fabrics purchased from FIBREGLAST R (fibreglast.com) were used to manufacture the laminates investigated in this paper. These fabrics create lightweight and tensile stiffened structural products, and are also compatible with a variety of thermosets and thermoplastics. This type of fabric is commonly used in aerospace, marine and automobile applications. Hetron 922 vinyl ester resin, formulated for 1.25% MEKP, was the resin system used to impregnate the dry carbon fabric, which was also purchased from FIBREGLAST R . Hetron 922 is a low viscous thermoset, which is advantageous for easy infiltration during the VARTM process. Mechanical properties of the carbon fabric and vinyl ester resin are given in Table 1 . VARTM process was used to fabricate composite panels with 305 mm in length x 305 mm in width. Carbon fabric along with additional textiles, such as flow media, breather and nylon sheets were also cut to fit aluminum molds of the same size as the expected composite panels. Material layers required for fabricating a single composite panel were as follows: 2 aluminum molds, 2 flow-media sheets, 4 nylon peel plies, 2 layers of breather, and 16 layers of carbon fiber fabric. Through-thickness arrangement of these material layers was as follows: [1 aluminum mold + 1 layer of flow-media + 1 layer of nylon peel ply + 1 layer of breather + 8 layers of carbon fabric] S . This arrangement was then wrapped with Stretchlon R 800 bagging film and sealed with vacuum-sealant tape, ensuring space for both inlet and outlet connectors. Vinyl-ester resin was mixed with MEKP hardener in a container at a weight ratio of 100:1.25. The outlet of the vacuum bag was first connected to a vacuum pump to draw the bagging film to vacuum while clamping the inlet. The inlet of the vacuum bag was then submerged in the resin/hardener mixture to initiate the flow of the resin through the dry fabric layers, which was assisted by the vacuum created. It is important to note that the resin/hardener mixture was placed in a desiccator prior to infiltration in order to remove air bubbles from the mixture which may have formed during the mixing of resin and hardener. Upon completion of the resin transfer process, the laminate was cured at room temperature for 24 hours.
i.3 Sample Dimensions
Sixteen layers of dry carbon fabric resulted in panels with a nominal thickness of ≈ 4 mm. Composite test samples were water-jet cut to a length of 154 mm and a width of 13 mm from the panel. These dimensions were based on the ASTM standard D7264 [39] , which requires a span-to-thickness ratio of 32:1 for accurate flexural results.
ii. Sea Water Saturation
Woven carbon/vinyl ester composite test samples were submerged in synthetic sea water (Ricca Chemical -ASTM D1141 [40] ) by placing inside a 20-gallon fish tank as per ASTM D5229 [41] . In general for moisture uptake and diffusion studies, submerged test samples are periodically weighed to determine moisture uptake curves until moisture saturation is attained within the samples. Since the focus of this paper is not to determine moisture saturation content or diffusivity, the exposure time needed for the test samples to achieve saturation was chosen from a previous study conducted by the authors [42] . Garcia et al. [42] reported that these woven carbon/vinyl ester composite samples reach moisture saturation at approximately 120 days when exposed to synthetic sea water. The dimensions and materials used in the current study were identical to that used in Garcia et al. [42] . Hence, test samples in the current study were submerged in synthetic seawater for a period of 140 days to achieve sea water saturation [35, 43, 44] .
It is important to note that the edges of the specimens were sealed with additional resin before exposing them to sea water to minimize infiltration through the edges. Sealing the edges with resin also considers certain real-life applications. For example, a ship hull made of compositematerial panels would typically be in contact with sea water at the surfaces, and absorb the fluid only in the through-thickness direction. Composite panel surfaces in real applications are typically coated, however, they can be in contact with the environment in the case of coating wear-off or cracking. Thus, the approach adopted in this study enables the test samples towards one-dimensional absorption. Although, more detailed adaptations of real conditions such as the presence of coatings need to be studied for use in marine structures, they are beyond the scope of this paper. The samples were placed on supports within the fish tank to ensure exposure of the top and bottom faces to the surrounding medium.
iii. Mechanical Testing
Woven carbon/vinyl ester composite test samples were subjected to cyclic (fatigue) loading under flexure using the fixture shown in Fig. 1(a) . The samples were tested under quasi-static three-point bend (flexure) loading first to determine the maximum mid-span deflection before failure, which averaged to 5.825 mm. The same fixture was used next to apply cyclic loading in flexure in a displacement-control setting to determine their flexural fatigue life. A sine waveform was used as the cyclic input displacement as shown in Fig. 1(b) . Four different displacement amplitudes (2 * d a ) equal to 20%, 40%, 60% and 80% of maximum mid-span quasi-static deflection (d st max ) and an amplitude ratio of R = 0.1 were chosen [45] for this study. The cyclic input displacement oscillates between maximum (d max ) and minimum (d min ) displacement such that 2 * d a = d max − d min . The Displacements (deflections) and loads were converted to stress and strain values using the relations in 1, which are provided by the ASTM standard D7264 [41] .
where, σ is the stress at the outer surface at mid-span [MPa], is the strain at the outer surface [mm/mm], P is the applied force [N], δ is the mid-span vertical deflection [mm], L is the support span between the roller supports (= 128mm here), b is the specimen width [mm], h is the specimen thickness [mm] . Two sets of test samples were considered in this study: dry and sea water saturated. 12 samples each for the two environmental conditions (dry and saturated) were tested under flexural fatigue loading. All tests were conducted at room temperature at a frequency of 1 Hz on an Instron 8801 servo-hydraulic machine. A Fast Track 8800 controller was used to create the above-mentioned sine wave function for each test, allowing the use of a close-loop technique that generated a feed-back signal which provided an instantaneous correction for small displacement amplitude deviations of the actuator.
Fatigue process typically consists of three stages: (i) Initial fatigue damage leading to crack initiation, (ii) Progressive cyclic growth of crack, and (iii) Final fracture of the remaining crosssection [46] . For composites, due to complex internal architecture, different damage mechanisms manifest with progressive loading of the samples, which include matrix cracking and fiber breakage. In this study, these key damage mechanisms of fiber reinforced polymer composites were identified. The following procedure was followed for few samples to obtain images of damage mechanisms after varying cycles of loading. Towards that, the tests were periodically paused, upon which the samples were removed from the fixture and examined under a digital microscope. The images were analyzed to identify the above-mentioned key damage mechanisms.
III. Results and Discussion
Fatigue failure of composites was assumed to occur when the load recorded at any time during the test dropped below 20% of the average load of the first 10 cycles. The presentation of fatigue data for displacement-controlled tests commonly includes a graph of the percentage of total strain range (∆ %) versus the number of cycles to failure, also known as, the strain-life curve. The strain-life curves for both dry and saturated samples are shown in Fig. 2 . Also, a summary of average cycles to failure for each test configuration is presented in Table 2 . Fig. 2 , it is evident that sea water saturation in carbon/vinyl ester composites decreased the fatigue life of saturated specimens, approximately by up to 62% across all strain ranges, when compared with dry samples. Reduction in fatigue life of these composites is attributed to the plasticization of vinyl ester matrix due to sea water saturation [47, 48, 49, 50, 51] . The cycles to failure are comparable between dry and sea water saturated samples at lower strain ranges as is evident from Fig. 2 . However, the difference in the number of cycles to failure are drastically different at higher strain ranges, for example, at 0.62%. This implies that the influence of sea water saturation on the fatigue life is more pronounced at higher strain levels. Hence, special considerations are warranted for designing structures made of woven carbon/vinyl ester composites expected to experience fatigue load with high strain range in marine environments.
Hysteresis loops were recorded in terms of load versus mid-span displacement values, which are typically used for establishing stiffness degradation and damage growth with increasing number of cycles. The hysteresis loops for both dry and saturated samples are shown in Fig. 3 (a-b) for percentage strain range (∆ ) of 0.62%. It is observed that the maximum load recorded for both types of conditioning reduced with increasing number of cycles. However, the dry samples ( Fig. 3 (a) ) showed a higher resistance to load reduction as compared to saturated samples ( Fig. 3  (b) ). For example, maximum load drops by approximately 33% for saturated and 8% for dry samples at the 1000 th cycle at 0.62% strain range. Therefore, higher damage is expected to be incurred in the saturated specimens. The variation of peak stress versus number of cycles to failure [52] for each strain range is shown in Fig. 4 (a-b) . These plots demonstrate that the cycles to failure drastically reduce due to sea water saturation for all strain ranges, i.e. average measured reduction between 37% at 0.46% strain range to 90% at 0.62% strain range. Hence, the influence of sea water saturation on the reduction of cycles to failure is higher (approximately 90%) at higher strain ranges as shown in Fig. 4(b) . In addition, the influence of sea water saturation on the initial bending stiffness of these composites can be noted from Fig. 4 . A decreasing trend in initial bending stiffness is observed between dry and saturated samples from the stress values recorded at the 1 st cycle for the same applied displacement, which are lower in Fig. 4 (b) than in Fig. 4 (a) for all strain percentages. Typical damage modes that manifested under fatigue loading during the testing of dry specimens are shown in Fig. 5 (a-d) . Stage 1 always initiated at the top surface of the specimen and manifested itself in the form of matrix cracking at the interface between bundles of fibers (tows). Stage 2 followed with a progressive growth of matrix cracking as intralaminar fracture. The rate of crack growth was dependent on the strain range applied, i.e., higher strain range percentages resulted in faster crack growth which manifested as reduced number of cycles to failure at higher strain ranges. Stage 3 ended the fatigue test by manifesting translaminar matrix crack extension along with fiber breakage, culminating with a fatal shear band failure mode in all cases. Saturated samples manifested similar stages of fatigue damage growth as that of dry samples. However, the saturated samples displayed lower resistance to intralaminar and translaminar fracture resulting in lower average number of cycles to failure, i.e. lower fatigue life. 
IV. Conclusions
In this paper, the flexural fatigue life and damage mechanics of woven carbon/vinyl ester composites were characterized and compared under two different environmental conditions, which are dry and sea water saturated conditions (all at room temperature). Woven carbon/vinyl ester composite samples were tested using a standard three-point bend testing procedure by applying a displacement-controlled sinusoidal waveform at a frequency (f) of 1 Hz. A total of 12 specimens were tested for each type of environmental conditioning (i.e. dry and saturated). The saturated samples were exposed to synthetic seawater by submergence for a period of 140 days, which ensured moisture saturation. The data reported includes the strain-life curve, the load versus mid-span displacement hysteresis loops, and the peak stresses versus number of cycles to failure graphs. The following conclusions were made by the authors through the interpretation of the data presented:
• The fatigue life of sea water saturated samples decreased up to approximately 61.71% as compared to dry samples. Synthetic seawater proved to be detrimental to the structural integrity of the composite with evidence of low resistance towards fatigue cracking and formation of shear band fracture caused by the plasticization of the vinyl ester resin. • The cycles to failure are comparable between dry and sea water saturated samples at lower strain ranges, but are drastically different at higher strain ranges. That is, the average measured reduction is between 37% at 0.46% strain range to 90% at 0.62% strain range. This implies that the influence of sea water saturation on the fatigue life is more pronounced when the maximum cyclic displacement approaches maximum quasi-static deflection. Hence, special considerations are warranted for designing structures made of woven carbon/vinyl ester composites expected to experience fatigue load with high strain range in marine environments. • Hysteresis loops and peak stress variations with increasing number of cycles showed a monotonic decay in load for both dry and sea water saturated samples, where the latter displayed a higher rate of damage accumulation to failure than the former, thereby, resulting in lower flexural fatigue life. That is, maximum load drops by approximately 33% for saturated and 8% for dry samples at the 1000 th cycle at 0.62% strain range. • For both dry and sea water saturated samples, key damage mechanisms observed include matrix crack initiation followed with a progressive growth manifested as intralaminar matrix cracking, and culmination with sample failure by fiber breakage and matrix shear band formation.
To summarize, special care should be taken when designing structures and components with woven carbon/vinyl ester composites in applications where cyclic loading and sea water exposure are commonplace, as these conditions can induce premature damage in the microstructure of the composite and ultimately cause catastrophic failure of a structure.
